SynCAM, a Synaptic Adhesion
Molecule That Drives Synapse Assembly Thomas Biederer, 1 * Yildirim Sara, 1 Marina Mozhayeva, 1 Deniz Atasoy, 1 Xinran Liu, 1, 2 Ege T. Kavalali, 1,3 Thomas C. Südhof 1,2,4 * Synapses, the junctions between nerve cells through which they communicate, are formed by the coordinated assembly and tight attachment of pre-and postsynaptic specializations. We now show that SynCAM is a brain-specific, immunoglobulin domain-containing protein that binds to intracellular PDZdomain proteins and functions as a homophilic cell adhesion molecule at the synapse. Expression of the isolated cytoplasmic tail of SynCAM in neurons inhibited synapse assembly. Conversely, expression of full-length SynCAM in nonneuronal cells induced synapse formation by cocultured hippocampal neurons with normal release properties. Glutamatergic synaptic transmission was reconstituted in these nonneuronal cells by coexpressing glutamate receptors with SynCAM, which suggests that a single type of adhesion molecule and glutamate receptor are sufficient for a functional postsynaptic response.
Synapses are specialized intercellular junctions that are assembled when an immature presynaptic terminal contacts a postsynaptic cell. At the site of contact, the presynaptic plasma membrane develops into an active zone, which is where synaptic vesicles undergo exocytosis and release neurotransmitters into the synaptic cleft. On the opposite side of the synaptic cleft, the postsynaptic density contains receptors and signaling molecules that transduce the neurotransmitter signal into a postsynaptic response (1, 2) . How are the tight attachment, precise alignment, and functional differentiation of pre-and postsynaptic membranes achieved? In vertebrates, many synaptic proteins that could participate in these processes have been described-for example the EphrinB/EphB receptor pathway, the neuroligin-␤-neurexin cell-adhesion pair, and the cadherin protein family. However, although ephrins perform important functions throughout development (3, 4) and influence synapse assembly (5), they are not specifically synaptic cell adhesion molecules. Similarly, the neuroligin-␤-neurexin interaction may be important for transsynaptic signaling (6) (7) (8) but is strictly calcium dependent, whereas synaptic cell adhesion is not (2, 6) . Moreover, classic cadherins specify synaptic connections but are not part of established junctions (9, 10) , whereas protocadherins, although synaptic (11), are not evolutionarily conserved. In invertebrates, immunoglobulin domain (Ig domain) proteins perform fundamental functions in synaptic cell adhesion. Drosophila fasciclin II and Aplysia ap-CAM are essential for normal synapse formation and maintenance, presumably because they form homophilic extracellular interactions that are coupled to intracellular PDZ-domain proteins (12) (13) (14) (15) (16) . However, no equivalent Ig domain protein is known in the vertebrate brain. Properties of SynCAM. We searched sequence databanks for vertebrate proteins with extracellular Ig domains and an intracellular PDZ-domain protein-interaction sequence, key features of fasciclin II and apCAM. We identified SynCAM (for synaptic cell adhesion molecule), which is relatively small (417 to 456 residues, depending on the splice variant) and evolutionarily conserved (17) . SynCAM contains an NH 2 -terminal signal peptide, three extracellular Ig domains, a single transmembrane region, and a short COOH-terminal cytoplasmic tail (Fig. 1A) . SynCAM antibodies reacted with multiple protein bands that were detected only in brain (Fig. 1B) . SynCAM mRNA was more widely distributed (18) , which suggests that posttranscriptional mechanisms restrict expression of SynCAM to the brain. The multiple SynCAM bands are due to complex N-glycosylation, because enzymatic removal of N-linked carbohydrates converted these bands into a single species of about 45 kD, whereas no O-glycosylation of SynCAM was observed (18) .
SynCAM protein was not detectable in the rat brain at birth, but it increased over the first 3 postnatal weeks, the major period of synaptogenesis in rodents (Fig. 1C) . Similar increases were observed for synaptic proteins such as synaptotagmin 1, but VCP (a nonsynaptic protein) remained constant. During the same time period, the N-glycosylation pattern of SynCAM changed (Fig. 1C) . In the first 2 weeks, Syn-CAM was predominantly synthesized as a highly glycosylated ϳ60-kD form. Thereafter, this form was gradually replaced by a coreglycosylated ϳ48-kD species that constituted the predominant adult SynCAM form and a cluster of extensively glycosylated species of 60 to 75 kD that were less abundant (Fig.  1C) . The level and N-glycosylation pattern of SynCAM varied during development among brain regions (18) , which suggests that both are regionally regulated.
The cytoplasmic COOH-terminal sequence of SynCAM includes a PDZ-domain protein-interaction sequence that is homologous to that of the synaptic cell-surface proteins neurexins and syndecans, which bind to the PDZ-domain proteins CASK and syntenin (Fig. 1A) (19) (20) (21) (22) . Consistent with an interaction of SynCAM with these PDZ-domain proteins, coexpression of SynCAM with CASK recruited CASK from the cytosol to the membrane (Fig. 1D) . Furthermore, the cytoplasmic tail of SynCAM strongly bound to CASK and syntenin but not to control PDZ-domain proteins such as PSD-95 (23) .
Homophilic interaction of SynCAM.
To test whether SynCAM functions as a homophilic cell adhesion molecule similar to other Ig domain proteins (24), we fused the extracellular sequences of wild-type SynCAM or of mutant SynCAM lacking Ig domains (SynCAM⌬Ig) to the F c -domain of human immunoglobulin G and used the resulting IgG fusion proteins in affinity chromatography experiments (25) . Wild-type extracellular sequences of SynCAM strongly bound endogenous brain SynCAM, whereas mutant SynCAM⌬Ig did not ( Fig. 2A) . Binding was resistant to 0.8 M salt and independent of Ca 2ϩ ( Fig. 2A) . Binding was specific for SynCAM because three other neuronal Ig domain proteins (L1, N-CAM, and TAG-1) and abundant synaptic vesicle proteins (synaptophysin 1 and synaptotagmin 1) were not captured (25) .
To determine whether homophilic binding by SynCAM mediates cell adhesion, we generated stably transfected S2 cells (6, 26) that express full-length SynCAM or SynCAM lacking Ig domains (SynCAM⌬Ig) under the control of an inducible promoter. When SynCAM expression was induced, the transfected cells aggregated into large clumps, which suggests that SynCAM functions as a homophilic cell adhesion molecule (Fig. 2B ). Cell aggregation was independent of Ca 2ϩ but was not observed in noninduced cells or in cells expressing SynCAM⌬Ig. Immunocytochemistry confirmed that both full-length SynCAM and SynCAM⌬Ig were localized to the plasma membrane in the transfected S2 cells (27) .
SynCAM is localized to synapses. We examined the localization of SynCAM in brain by subcellular fractionation. SynCAM was highly enriched in synaptic plasma membranes with the synaptic proteins CASK and neuroligin 1 (Fig. 3A) (28) . Double immunofluorescence labeling of brain sections with antibodies to SynCAM and to synaptophysin, an abundant synaptic vesicle protein, revealed that SynCAM was colocalized with synaptophysin in a punctate synaptic pattern throughout the brain (Fig. 3B) (29) . These results suggest a synaptic localization for SynCAM, which was confirmed by immunoelectron microscopy that demonstrated Syn-CAM was present in both pre-and postsynaptic compartments (Fig. 3, C and D) . To exclude possible artifacts of immunoelectron microscopy, we quantified the distribution of signals obtained with SynCAM antiserum and with control sera ( preimmune serum and SynCAM antiserum that was preabsorbed with the SynCAM antigen) (Fig. 3E) (30) . Only SynCAM antibodies produced significant synapse staining, whereas control sera did not. Only a subset of synapses were labeled (Fig. 3 , B and C), possibly because of the limited sensitivity of immunoelectron microscopy or of the presence of other SynCAMs in the brain (31) .
SynCAM has a synaptic function. The symmetrical localization of SynCAM on both sides of the synapse suggests a possible role as a homophilic cell adhesion molecule that spans the synaptic cleft. To determine whether Syn-CAM actually functions at the synapse, we recorded spontaneous miniature synaptic currents (minis) from hippocampal neurons that were transfected with full-length SynCAM, mutant SynCAM lacking Ig domains (SynCAM⌬Ig), or vector alone (32) . Overexpression of full-length SynCAM increased the mini frequency two-to threefold [0.81 Ϯ 0.16 Hz (n ϭ 26)] compared with vector-transfected [0.30 Ϯ 0.08 Hz (n ϭ 20)] and nontransfected [0.20 Ϯ 0.06 Hz (n ϭ 6)] neurons. SynCAM⌬Ig overexpression had no effect [0.28 Ϯ 0.09 Hz (n ϭ 12)]. The increase in mini frequency by full-length Syn-CAM was statistically significant compared with all other conditions (P Ͻ 0.01, two-tailed t test) but was not accompanied by a change in mini amplitude (32) . The mini frequency recorded in a postsynaptic neuron depends primarily on the number of synapses and their release probability, whereas the mini amplitude reflects the abundance of postsynaptic receptors. Thus, SynCAM transfected into the postsynaptic neuron must have induced formation of new synapses or enhanced presynaptic neurotransmitter release at existing synapses on this neuron. This indicates that SynCAM directly affects synaptic function by altering synaptic inputs.
We again used transfected neurons to determine whether SynCAMs or related sequences are required for synapse formation and/or synaptic transmission. But this time we examined the effect of a dominant negative fragment of SynCAM on presynaptic terminals (Fig. 4) . We transfected neurons with the isolated full-length cytoplasmic tail of SynCAM (SynCAM C-tail) Locations of immunoreactive particles were classified as synaptic only when they were found in close proximity to a presynaptic vesicle cluster and/or preand postsynaptic densities; all other signals were classified as nonsynaptic or unidentifiable (n ϭ 371, 186, and 117 signals for untreated SynCAM antiserum, SynCAM antiserum preabsorbed with the antigen, and preimmune serum, respectively).
or, as a control, a truncated cytoplasmic tail that lacks the COOH-terminal three residues (Syn-CAM C-tail⌬3). The isolated full-length cytoplasmic tail binds to intracellular PDZ-domain proteins, whereas the truncated cytoplasmic tail does not. As a result, overexpression of full-length cytoplasmic tail but not of the truncated tail is expected to disrupt PDZdomain interactions of SynCAM or related proteins. Both SynCAM cytoplasmic tail proteins were produced as ECFP (enhanced cyan fluorescent protein, a derivative of green fluorescent protein) fusion proteins to visualize the axons derived from transfected neurons. Possible effects by ECFP itself were controlled for by transfecting ECFP alone. Two days after transfection, we analyzed the presynaptic terminals formed by the axons from transfected neurons by staining terminals with the fluorescent dye FM1-43 (Fig. 4) (33, 34) . FM dyes are taken up into, and released from, active nerve terminals in response to synaptic stimulation and thus allow direct visualization and quantifications of synaptic vesicle exo-and endocytosis (35) .
Presynaptic nerve terminals formed by axons expressing soluble ECFP proteins were clearly identifiable by FM1-43 staining (Fig.  4, A to C) . Quantitation of the distance between active terminals revealed a significant decrease in synapse density when the isolated cytoplasmic tail of SynCAM, but not the truncated cytoplasmic tail, was expressed (Fig. 4D) . Furthermore, the terminals that were still formed by axons containing the SynCAM cytoplasmic tail were abnormal. The rate of synaptic vesicle exocytosis can be measured in terminals stained with FM1-43, as the kinetics of FM1-43 destaining upon stimulation and the size of the pool of recycling vesicles can be measured as the amplitude of FM1-43 destaining (36). Release of FM1-43 stimulated by K ϩ depolarization was significantly slower in terminals that expressed full-length SynCAM cytoplasmic tail than in terminals that contained the truncated cytoplasmic tail or ECFP alone (Fig. 4E) . In parallel, the average size of the recycling pool of synaptic vesicles decreased almost twofold (Fig. 4F) . Together with the changes in mini frequency induced upon overexpression of full-length SynCAM in postsynaptic neurons described above, these results indicate that SynCAM affects synapse formation and function by both a pre-and a postysynaptic action consistent with its pre-and postsynaptic localization. (Fig. 5D ). In vertical cross sections (Fig. 5C ), we observed synaptophysin-positive clusters on the cell surface. Quantitation showed that transfected 293 cells expressing full-length SynCAM had about 3 times more clusters than cells expressing mutant SynCAM⌬Ig or ECFP alone (Fig. 5E ), which suggests that induction of presynaptic specializations depended on the Ig domains of SynCAM.
Expression of SynCAM in nonneuronal
We used the red-shifted fluorescent dye FM5-95 to determine whether the presynaptic specializations induced by SynCAM on 293 cells are capable of synaptic vesicle exo-and endocytosis (37). After we labeled cocultures with FM dye, we observed active nerve terminals (Fig. 6A, open arrowheads) over 293 cells expressing wild-type SynCAM but not over 293 cells expressing SynCAM⌬Ig lacking Ig domains, although stained terminals from interneuronal synapses were present nearby (Fig. 6B, closed arrowheads) . Control cells, such as cells expressing mutant Syn-CAM, occasionally contained networks of neurites on the surface (which explains the infrequent synaptophysin-positive puncta on these cells; see Fig. 5E ). However, we detected no terminals with actively recycling vesicles on control cells, which suggests that full-length SynCAM was required for induction of functional presynaptic specializations.
We next measured the rate of exocytosis and the size of the recycling vesicle pool in presynaptic terminals from regular interneuronal synapses and from heterologous synapses on SynCAM-expressing 293 cells by recording the rate (Fig. 6C) and amplitude (Fig. 6D) of FM dye destaining induced by stimulation (37). We found no difference between regular synapses and heterologous synapses, which suggests that they are functionally similar. Transfected cells expressing SynCAM⌬Ig (which lacks Ig domains) or ECFP alone served as ϩ and then destained by K ϩ depolarization to uncover nonspecific residual staining. Images recorded before and after stimulation were subtracted to selectively visualize active presynaptic boutons. Transfected neurons express the full-length (A) or COOH-terminally truncated cytoplasmic tail of SynCAM (SynCAM C-tail⌬3) (B) as soluble ECFP fusion proteins or ECFP alone (C). Scale bar in (C) ϭ 5 m and applies to all panels. (D) Cumulative probability of the distances between FM1-43-labeled synaptic puncta on axons expressing ECFP proteins. The decrease in synapse density on axons containing the full-length SynCAM tail compared with the SynCAM C-tail⌬3 and ECFP alone was statistically significant (P Ͻ 0.001, Kolmogorov-Smirnov test).
(E) Destaining rates of FM1-43-labeled synaptic puncta on axons expressing the full-length SynCAM C-tail, SynCAM C-tail⌬3, and ECFP alone. Destaining was triggered by K ϩ stimulation. The slower destaining rate of the SynCAM C-tail axons compared with axons expressing SynCAM C-tail⌬3 or ECFP alone was statistically significant (P Ͻ 0.001, two-tailed t test). (F) Cumulative probability histogram of the size of the recycling pool of synaptic vesicles as measured by total FM1-43 staining in synapses formed by axons expressing the full-length cytoplasmic tail of SynCAM, SynCAM C-tail⌬3, or ECFP alone. The difference between terminals expressing the full-length cytoplasmic tail and the two controls was statistically significant (P Ͻ 0.001, Kolmogorov-Smirnov test). In (D to F), error bars are smaller than the symbols; for (D to F), n ϭ 537 for synapses on axons transfected with SynCAM C-tail, n ϭ 490 for synapses transfected with SynCAM C-tail⌬3, and n ϭ 378 for synapses transfected with ECFP alone.
negative controls. Because we detected no obvious staining of synapses with FM dyes on top of these cells, we analyzed the brightest visible spots nearby. For both controls, these spots exhibited only a small decrease in fluorescence (Fig. 6D ). Thus, in four different types of experiments-cell adhesion in transfected S2 cells, stimulation of minis in transfected neurons, synapse formation on transfected 293 cells, and induction of quantitatively normal release properties of nerve terminals-the extracellular Ig domains of SynCAM are essential, possibly because they participate in transsynaptic interactions across the synaptic cleft.
Reconstitution of a glutamatergic postsynaptic response. We explored whether presynaptic terminals that contact SynCAMtransfected 293 cells support sustained, localized neurotransmitter release by coexpressing SynCAM with the glutamate receptor GluR2 in 293 cells. SynCAM was transcribed together with soluble ECFP from the same vector, and GluR2 was produced as a green fluorescent protein (GFP) fusion protein, which allowed us to select cells that coexpress SynCAM and GluR2. We cocultured the transfected cells with hippocampal neurons as described above and monitored the 293 cells by whole-cell voltageclamp recordings (38).
Nine of 31 cells coexpressing SynCAM and GluR2 exhibited spontaneous currents (Fig. 7A) . We recorded no currents from 293 cells in the absence of neurons. Events occurred at a rate of 2.39 Ϯ 0.63 Hz and were abolished by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), which blocks GluR2 glutamate receptors. Control 293 cells expressing either SynCAM or GluR2 alone did not exhibit currents in coculture with neurons (n ϭ 16 for SynCAM, n ϭ 22 for GluR2). Glutamate application onto 293 cells expressing GluR2 triggered large inward currents, confirming that these cells express functional surface receptors (Fig. 7A, bottom right) . Current amplitudes recorded in cocultures from 293 cells that coexpressed SynCAM and GluR2 measured 5 to 100 pA but were mostly in the 15-to 35-pA range (Fig. 7B) . Rise times varied from 1 to 6 ms, comparable to events from interneuronal synapses in cultures of the same age (Fig. 7C) . Confocal imaging of nerve terminals on the transfected 293 cells revealed that GFP-tagged glutamate receptors were often (but not always) concentrated opposite the terminals (Fig. 7D) . Because the hippocampal culture system used here forms extended synaptic networks with spontaneous activity (39), glutamatergic responses recorded from the transfected 293 cells probably reflected the propagation of this activity to the presynaptic terminals contacting these cells. Consistent with this interpretation, the responses were greatly decreased after tetrodotoxin was applied, which blocks synaptic activity driven by action potentials. Together these results suggest that 293 cells coexpressing SynCAM and GluR2 receptors exhibit postsynaptic glutamatergic responses resembling those of neurons.
Summary. At the synapse, multiple molecules probably contribute to transsynaptic signaling with likely redundancy among molecular pathways. For example, ephrins and cadherins both contribute to synaptic specificity and to the postsynaptic organization of ion channels (5, 10, (40) (41) (42) (43) . However, many aspects of transsynaptic signaling have remained obscure, especially the mechanism by which neurons signal to each other the need to differentiate a synaptic nerve terminal and the molecular glue that holds pre-and postsynaptic specializations together. Syn-CAM likely participates in these processes: SynCAM is a homophilic cell adhesion molecule that is present on both sides of the synapse. Overexpression of full-length Syn-CAM in neurons increased spontaneous synaptic activity, consistent with the notion that SynCAM promoted synapse formation. Conversely, overexpression of the isolated cytoplasmic tail of SynCAM inhibited synapse formation and impaired synaptic release. When produced in nonneuronal cells, Syn-CAM induced nearby neurons to form synapses onto these cells with release properties that were indistinguishable from those of adjacent interneural synapses. Cell adhesion mediated by SynCAM resembles cell adhesion mediated by the ␤-neurexin-neuroligin pair (44 ), which also induced synapse formation (8) . The Ca 2ϩ independence of SynCAM cell adhesion is consistent with a function as synaptic glue, whereas the ␤-neurexin-neuroligin interaction is Ca 2ϩ dependent (6 ). Conversely, homophilic binding of SynCAM cannot explain the polarized nature of synaptic junctions, which corresponds better to the interaction of ␤-neurexins with neuroligins or of EphrinB with EphB receptors (2) .
The fact that heterologous synapses induced in the coculture assay exhibit physiological properties similar to normal brain synapses suggests that a single signal provided by SynCAM is sufficient to instruct the presynaptic terminal for differentiation. Interestingly, the intracellular interactions of Syn-CAM and ␤-neurexins are similar in spite of distinct extracellular domains, which indicates that SynCAM and ␤-neurexins may induce presynaptic differentiation by the same intracellular interactions with PDZ-domain proteins. Thus, inhibition of synapse assembly by the cytoplasmic tail of SynCAM may occur because the tail simultaneously interferes with SynCAM and neurexin signals. Reconstitution of a functional synaptic glutamatergic response in nonneuronal cells expressing SynCAM reveals minimal requirements for synapse assembly and opens up new avenues for studying synaptic function. 27 . Stably transfected S2 cells were used in aggregation assays as described in the SOM Text and fig. S6 . 28. Synaptosomes were prepared by differential centrifugation and osmotically lysed; synaptic plasma membranes were then purified by sucrose step gradient centrifugation as described in the Materials and Methods of the SOM. A model for diamond nucleation by energetic species (for example, bias-enhanced nucleation) is proposed. It involves spontaneous bulk nucleation of a diamond embryo cluster in a dense, amorphous carbon hydrogenated matrix; stabilization of the cluster by favorable boundary conditions of nucleation sites and hydrogen termination; and ion bombardment-induced growth through a preferential displacement mechanism. The model is substantiated by density functional tight-binding molecular dynamics simulations and an experimental study of the structure of bias-enhanced and ion beam-nucleated films. The model is also applicable to the nucleation of other materials by energetic species, such as cubic boron nitride.
The exciting possible applications of diamond (1-3) motivated its high-pressure, high-temperature production half a century ago (4). Since then, chemical vapor deposition (CVD) methods have been developed to facilitate diamond growth at sub-atmospheric pressures, typically applying a hydrocarbonhydrogen plasma (Ͻ1% hydrocarbon) over a substrate held at ϳ700°to 800°C. Diamond growth on diamond is relatively well understood and controlled. Diamond growth on non-diamond surfaces requires a nucleation step that is much less understood (5) and relies largely on trial and error. The most controlled diamond nucleation method is biased enhanced nucleation (BEN) (6, 7) , in which the substrate is negatively biased to ϳ100 to 200 V and exposed to the CVD plasma. The impingement of energetic plasma species induces the nucleation of diamond (8) (9) (10) (11) (12) . Nucleation can be achieved in a similar way with direct ion beam bombardment (13) .
Two nucleation sites associated with diamond formation in BEN have been identified: graphitic edges (8, 11, 14) , for randomly oriented diamond, and steps, for heteroepitaxial (oriented) growth on Si (12) . The actual nucleation process (the formation of a diamond cluster and its subsequent growth to form a stable crystallite) remains unresolved. Here we propose a model of the diamond nucleation process from energetic species (e.g., BEN). Each step in the model is substantiated by experimental data and molecular dynamics (MD) simulation results, as well as reported data and simulations for carbon systems not associated with BEN.
We propose that diamond nucleation via BEN is an internal (bulk) process that occurs in subsurface layers, ϳ1 to 2 nm below the surface, and advances as follows : 1) Step a. Formation of a dense amorphous hydrogenated carbon (a-C:H) phase (ϳ1 to 2 nm thick) via a subplantation (15) (16) (17) process, wherein energetic carbon, hydrocarbon, and hydrogen species bombard the surface and are subsequently stopped and incorporated in subsurface layers. The density of this phase increases with subplantation until it reaches saturation.
2)
Step b. Spontaneous precipitation of pure sp 3 carbon clusters containing tens of atoms in the a-C:H phase, induced by the "thermal spike" (15) (16) (17) of the impinging energetic species. Most clusters are amorphous, but a few (ϳ1 in 10 4 to 10 6 ) are perfect diamond clusters. The formation probability of diamond clusters is increased by favorable boundary conditions of nucleation sites 3)
Step c. Annealing of faults in defective clusters by incorporation of carbon "interstitials" in reactive sites and by hydrogen termination. Carbon interstitials and hydrogen atoms are provided through the subplantation process. Note that the amorphous matrix contains ϳ20 to 30% of hydrogen by atom (at%H). 4)
Step d. Growth of diamond clusters to several nm (10 4 to 3 ϫ 10 4 atoms) through transformation of amorphous carbon to diamond at the amorphous matrix-diamond interface. The transformation is induced by a "preferential displacement" mechanism (15) (16) (17) caused mainly by the impact of energetic hydrogen atoms. In this process, loosely bound amporphous carbon (a-C) atoms move to new diamond positions, leaving the more rigid diamond atoms unchanged. Under typical BEN conditions, the number of energetic hydrogen atoms is two orders of magnitude larger than that of energetic carbon ions, so each carbon atom in the amorphous phase should be bombarded and displaced many times.
Our model differs in two respects from previous attempts to understand the BEN process. First, we suggest that nucleation is a bulk not a surface process, which makes boundary conditions (15-17) important rather than surface energy effects. We also emphasize that diamond clusters growing on the substrate surface would be annihilated or graphitized by the bombarding energetic species. Second, we assume diamond nucleation to be a highly improbable event, which means the diamond may precipitate even under conditions in which the thermodynamic stability of diamond is lower than that of graphite.
Several major obstacles have previously hampered the elucidation of diamond nucleation mechanisms. First, small diamond clusters of ϳ30 atoms cannot be observed by experimental techniques, leaving simulation as the only means to observe them. Second, the very low probability of the formation of a perfect diamond cluster (which is still sufficient to facilitate the experimental nucleation densities) requires a large number (Ͼ10 4 ) of cell calculations for it to be observed, calculations that cannot be performed by currently available computers. We overcome these problems by suggesting that the formation of a perfect diamond cluster among many other faulty sp 3 clusters is statistically possible. Evidence for each of the above steps is found both in new [supporting online material (SOM) Notes 1 to 3] and previously reported data. We first focus on the precursor material (step a) in which diamond later precipitates (step b) under optimal BEN conditions (18) . High-resolution transmission electron microscopy (HRTEM) measurements (Fig. 1) prove the precipitation of diamond crystallites in this matrix and the formation of nucleation sites [silicon
